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Water balance is tightly regulated within a tolerance of less than 1 percent
by a physiologic control system located in the hypothalamus. Body water
homeostasis is achieved by balancing renal and nonrenal water losses with
appropriate water intake. The major stimulus to thirst is increased osmolality
of body fluids as perceived by osmoreceptors in the anteroventral hypothal-
amus. Hypovolemia also has an important effect on thirst which is mediated by
arterial baroreceptors and by the renin-angiotensin system. Renal water loss is
determined by the circulating level of the antidiuretic hormone, arginine vas-
opressin (AVP). AVP is synthesized in specialized neurosecretory cells located
in the supraoptic and paraventricular nuclei in the hypothalamus and is trans-
ported in neurosecretory granules down elongated axons to the posterior
pituitary. Depolarization of the neurosecretory neurons results in the exocy-
tosis of the granules and the release of AVP and its carrier protein (neurophy-
sin) into the circulation. AVP is secreted in response to a wide variety of
stimuli. Change in body fluid osmolality is the most potent factor affecting AVP
secretion, but hypovolemia, the renin-angiotensin system, hypoxia, hypercap-
nia, hyperthermia and pain also have important effects. Many drugs have been
shown to stimulate the release of AVP as well. Small changes in plasma AVP
concentration of from 0.5 to 4 AU per ml have major effects on urine osmo-
lality and renal water handling.
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

General Concepts of Water Metabolism
IN NORMAL HUMANS, osmolality, or the concen-
tration of osmotically active solutes in body
fluids, is remarkably constant despite large vari-
ations in water and solute intake and excretion.
Every kilogram of body water contains 285 to
290 mOsm of solute, consisting primarily of salts
of sodium in extracellular fluid and of potassium
in intracellular fluid. The identical osmolality of
intracellular and extracellular fluids is produced
by free movement of water across all cellular and
subcellular membranes, governed only by the
physical forces of osmosis and diffusion. A gain
or loss of free water will be shared by all major
body compartments (vascular, interstitial and in-
tracellular) in proportion to their relative sizes.
The single exception to this free movement is the
control of water permeability of the distal portion
of the mammalian nephron by arginine vasopres-
sin (AvP), antidiuretic hormone. Among all ver-
tebrates, only mammals (and to some extent,
birds) possess the unique ability to excrete a
hyperosmotic urine and thus conserve free water
when the supply of available water is limited. It
has been suggested that this ability of the mam-
malian kidney to concentrate fluids may have
played an important role in our ultimate domi-
nation over the dinosaurs and other reptiles at
the end of the Mesozoic era. There is a continu-
ous decrease in the proportion of total body water
(and particularly the extracellular compartment)
with growth and aging, as well as a difference
between men and women (Table 1).
The day-to-day fluctuations in total body water

in a normal person are very small, amounting to
approximately 0.2 percent of body weight per 24
hours. Although infants have a relative excess of
body water and extracellular volume as related
to total body weight, the surface area, oxygen
consumption, cardiac output, insensible water
loss, renal water excretion and overall metabolism
are all high in relation to total body water. There-
fore, when one compares these fundamental met-
abolic measurements with total body water, in-
fants and young children are seen to be more
vulnerable to water deficit and dehydration than
adults.'
The average normal intake and loss of water in

a day by an adult human is given in Table 2.
Even with maximal renal conservation of water,
the body is unable to prevent a continuous loss of
insensible fluid through the skin, lungs and gastro-

intestinal tract. For the replacement of this extra-
renal loss, a person must rely on adequate water
ingestion. Humans and other mammals vary con-

siderably in their need for an exogenous source
of water in their diet during maximal renal con-

servation. Of all mammals, only certain desert
rodents can minimize their renal and extrarenal
water losses sufficiently to maintain their water
balance from that available in the preformed and
oxidative water found in the desert plants they
ingest. These rodents can concentrate their urine
to a level four to five times greater than that of
humans, and by living in underground burrows

TABLE 1.-Body Water Compartments Throughout
Life Span*

Extra- Intra- Total
Body cellular cellular Body
Weight Water Water Water

Age Sex (Kg) (Percent) (Percent) (Percent)

0-11 days ...

11-180 days ..

1/2-2 years ...

2-7 years ...

7-14 years ..

23-54 years .. a

23-51 years .. 9

71-84 years . . a

61-74 years . . 9

41.6
34.9
27.5
25.6
17.5

72.5 23.4
+ 0.64

59.3 22.7
+ 0.54

68.1 25.4
+ 1.36

63.9 21.4
± 0.45

34.8
37.9
34.7
36.9
46.7
30.9

± 0.89
25.9

± 0.96
25.4

± 0.58
22.4

± 0.97

76.4
72.8
62.2
62.5
64.2
54.3
1.39t

48.6
1.47

50.8
1.55

43.4
1.32

*Modified from Parker HV, Olesen KH, McMurrey J, et al: In
Ciba Foundation, Colloquia on Ageing, Vol 4. Boston, Little,
Brown and Company, 1958.

tStandard error of the mean.

TABLE 2.-Average Daily Intake and Output of Water
in a Normal Adult Human*

Water Intake (ml) Water Output (ml)

Oblig- Facul- Oblig- Facul-
Source atory tative Source atory tative

Drink .....

Preformed
Oxidative . .

650 1,000
750 ....

350 ....

Subtotals . 1,750 1,000
Total .... 2,750 ....

Urine .....

Skin ......

Lungs .....

Feces .....

Subtotals
Total ....

700
500
400
150

1,750
2,750

1,000

1,000
* ...

*From Wolf AV: Thirst. Springfield, IL, Charles C Thomas,
1958.
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

they reduce to a minimum their insensible pulmo-
nary and cutaneous water loss.2 Humans, in con-
trast, even when forming maximally concentrated
urine, require some exogenous source of free
water to replace continued insensible and minimal
renal losses of water.
The day-to-day regulation of body water is

dependent, therefore, on the kidneys and on a
receptor system for signaling the relative need for
water ingestion. This signal, thirst, plays an es-
sential role in the regulation of the volume and
tonicity of the body fluids. The sensation of thirst
is dependent on excitation of the cortical centers
of consciousness. Although the sensation of thirst
may be modified somewhat by stimuli arising in
the oropharynx or gastrointestinal tract, it is
doubtful that in humans these local stimuli are
of great importance.3

Hypothalamic Thirst Centers
Although thirst is a cortical or conscious sen-

sation, it has been clearly established that there
exist in the hypothalamus specific nuclear centers
essential for the integration of various types of
signals altering water ingestion.3-5 The local in-
stillation of hypertonic solutions of chloride or
direct electrical stimulation of this area in goats
leads to profound polydipsia culminating in se-
vere water intoxication, with an increase in body
weight of as much as 40 percent. Destruction of
these same centers causes pronounced hypodipsia
or complete adipsia. These animals then develop
profound hypertonic dehydration, but show no
distinct inclination to drink. Stimulating and in-
hibitory impulses are transmitted from these cen-
ters to the cerebral cortex and consciousness,
thereby transforming the need, or lack of need,
for water into appropriate behavior. Furthermore,
impulses of cortical or voluntary origin can readily
condition the sensation of thirst and create what
might be called the thirst appetite, or voluntary
habits of drinking. These vary greatly from
individual to individual, psychogenic polydipsia
representing the extreme form of excessive inges-
tion. Conversely, in humans, injury to these cen-
ters, or the failure of hypothalamocortical im-
pulses to stimulate thirst in a stuporous or
unconscious patient, will cause inadequate water
ingestion despite need.
The thirst centers lie in close proximity to the

hypothalamic nuclei which regulate the produc-
tion and release of antidiuretic hormone or argi-
nine vasopressin. In view of this proximity, it

is surprising that pathologic processes do not
produce simultaneous disturbances in thirst reg-
ulation and AVP release more frequently. Physi-
ologically, these centers must be carefully inte-
grated in the maintenance of normal total body
water. It is not surprising, therefore, that the
major stimuli for thirst also cause the release of
AVP and the renal conservation of water-the
water repletion reaction. Those stimuli which in-

TABLE 3.-Known Stimuli and Inhibitors of Thirst
and the Release of Arginine Vasopressin

Stimuli
Osmotic

Contracted intracellular volume of osmoreceptor neu-
rons due to hyperosmolality of extracellular fluids
(water loss or infusions of hypertonic solutions of
molecules that do not freely permeate the blood-brain
barrier, such as sodium chloride or mannitol)

Nonosmotic
* Decreased arterial pressure (? pulse pressure) in

carotid and, possibly, aortic baroreceptors, resulting
from vascular or extracellular volume contraction or
fall in cardiac output

* Decrease in tension in the left atrial wall and great
pulmonary veins because of reduced intrathoracic
blood volume (such as blood loss, quiet standing,
upright position and positive-pressure breathing)

* Pain
* Psychosis
* Increased temperature of blood perfusing the hypo-

thalamus
* Drugs (acetylcholine and other cholinergic drugs,

morphine, barbiturates, nicotine, adrenergic agents),
? chlorpropamide, clofibrate, carbamazepine, cyclo-
phosphamide, vincristine

* Carotid body chemoreceptor stimulation by hypoxia
or hypercapnia

* Stimulation of the renin-angiotensin system

Inhibitors
Osmotic

Expansion of intracellular volume of the neurons of
supraoptic hypophyseal nuclei secondary to hyposmol-
ality of extracellular fluids (water ingestion)

Nonosmotic
* Increased arterial pressure (? pulse pressure) in ca-

rotid and, possibly, aortic baroreceptors secondary
to vascular or extracellular volume expansion, with
rise in cardiac output

* Increase in tension in left atrial wall and great pul-
monary veins secondary to increased intrathoracic
blood volume (such as hypervolemia, reclining posi-
tion, negative-pressure breathing, immersion in water
up to neck, acute cold exposure with peripheral vaso-

constriction and shift of blood centrally)
* Occasionally, emotional stress
* Decreased temperature of blood perfusing the hypo-

thalamus
* Drugs (alcohol, diphenylhydantoin, ? norepineph-

rine, narcotic antagonists [oxilorphan, butorphanol],
? anticholinergic drugs)

* ? inhibition of the renin-angiotensin system
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

hibit thirst also inhibit the release of AVP and
therefore initiate water diuresis-the water deple-
tion reaction.6

Thirst Stimuli and Inhibitors
The major physiologic stimulus for thirst is a

decrease in total body water, with or without
cellular dehydration (Table 3). The usual sensa-
tion of thirst, and its subcortical stimulus, in a
normal person is the result of a 1 percent to 2
percent contraction of total body water with a
comparable rise in the osmolality of body fluids
and slight cellular dehydration. In more severe
cases of water depletion, or water loss in excess
of sodium, substantial cellular dehydration and
hyperosmolality of all body fluids will occur. Cel-
lular dehydration with pronounced thirst will also
occur, even with an increased total body water,
if hypertonic solutions of sodium chloride, glu-
cose, mannitol and so forth, are given to the
point of producing hyperosmolality of the body
fluids. Of equal importance, the decrease in total
body water may result from a primary iso-osmotic
contraction of the extracellular phase, such as
hemorrhage, vomiting, diarrhea, massive saline
diuresis, or a rapid accumulation of ascites or
intraluminal gastrointestinal fluid (third space).

Under these circumstances, thirst may be in-
duced even in the face of hyponatremia and cel-
lular overhydration and, in fact, may even aggra-
vate the latter. Stricker has shown that cellular
overhydration in association with, or at the ex-
pense of, extracellular volume will frequently
produce severe thirst in rats.6'7 This hypovolemic
thirst is permanently satisfied only when the extra-
cellular or intravascular volume is repleted. Clin-
ically, thirst may occur despite massive expansion
of total body water or of interstitial fluid volume
and despite hyponatremia, when effective (non-
splanchnic) circulating blood volume, blood pres-
sure and cardiac output are reduced, such as in
severe congestive heart failure, cirrhosis of the
liver (during the rapid accumulation of ascites
or edema) and the nephrotic syndrome. When-
ever a patient complains of thirst despite adequate
ingestion of water, or when a deficit of water per
se does not seem to exist, one should immediately
consider the possibility of a diminished vascular
or extracellular volume, or reduced cardiac out-
put and blood pressure, or both.

Such inappropriate stimulation of thirst in pa-
tients with normal osmolality or hyposmolality
may also occur with normal or elevated blood

pressure. In these situations there is overactivity
of the renin-angiotensin system which in turn stim-
ulates thirst. For example, intense thirst has been
noted in patients with malignant hypertension or
in hypertensive patients overtreated with diuretic
therapy.
The exact mechanism(s) by which a reduction

in vascular and extracellular volume stimulates
the hypothalamic thirst centers is unknown. Al-
though it is probable that pure water depletion
with its accompanying hyperosmolality of body
fluids and contraction of intracellular volume
would affect the receptor cells of the hypothala-
mus directly, it is not obvious that iso-osmolar or
hyposmolar contraction of the extracellular vol-
ume would do the same. However, because it is
clear the latter can cause the release of AVP by
stimulation of intrathoracic and carotid sinus baro-
receptors (Table 3),813 these same receptors may
well represent the receptors initiating the reflex arc
responsible for nonosmolar stimulation of thirst.
Recently, excellent studies have strongly impli-
cated the renin-angiotensin system in the control
of hypovolemic (hypotensive) thirst'4-21 and in the
release of antidiuretic hormone.18'22-29 The drink-
ing produced by iso-osmotic depletion of intravas-
cular volume,'4 by hypotension accompanying
beta-adrenergic activation with isoproterenol and
by constriction of the aorta above the renal arter-
ies'9 is abolished by nephrectomy but survives sham
nephrectomy and ureteral ligation.'4"9 In hypoten-
sive rats, in which the kidneys have been removed,
renin administered systemically and angiotensin
II given intracranially (anterior hypothalamus)
caused the animals to begin drinking again.14'15"17'20
It, therefore, seems likely that low cardiac output,
hypovolemia or hypotension, by stimulating the re-
lease of renin from the kidneys and the formation
of angiotensin II, may cause thirst by a direct
effect of the angiotensin II on the thirst regulatory
centers in the hypothalamus. It is clear that any
physiologic or pathologic change that causes a
renal release of renin and the generation of angi-
otensin will stimulate or contribute to the stimu-
lation of thirst and the release of antidiuretic
hormone as well.
The exact neurotransmitters responsible for the

activation of the hypothalamic component of thirst
regulation are not known. However, several
experiments in animals have shown that local hy-
pothalamic application of cholinergic and adren-
ergic agents as well as heat and cold can pro-
foundly influence both their relative drives for
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food and water and their fluid excretion.30-33 Re-
cently, local administration of prostaglandin E
(PGE) has also been found to stimulate both thirst
and AVP release.34 Furthermore, PGE augments
the action of either angiotensin or hypertonic
saline on central release of AVP.35,36 These data
suggest a possible central role for PGE in the
modulation of thirst and AVP release.
Warming of the hypothalamus leads to a de-

crease in food intake, an increase in water intake
and a decrease in urinary output, the water reple-
tion reaction. Cooling of the hypothalamus leads
to the reverse reactions. Similarly, rats, during
dehydration, automatically decrease their ad libi-
tum food intake to maintain proper integration
of total body water and solute. Cholinergic agents
(carbachol) applied directly to the hypothalamus
stimulate the water repletion reaction and inhibit
food intake. These reactions can be blocked by
anticholinergic drugs, whereas the application of
the alpha-adrenergic, norepinephrine, stimulates
food intake, inhibits water intake and enhances
urinary volume, the water depletion reaction. In
addition, systemic administration of norepineph-
rine directly inhibits the action of AVP on the
nephron. In contrast to norepinephrine, beta-
adrenergic agents such as isoproterenol hydro-
chloride (Isuprel), when applied locally, stimu-
late the classic water repletion reaction, which
can be completely inhibited by the simultaneous
application of the beta-adrenergic blocking drugs.
Finally, Fitzsimons and Setler37 have clearly
shown that interference with catecholaminergic
systems in the diencephalon (preoptic region) by
local instillation of catecholamine antagonists
substantially inhibited angiotensin-induced drink-
ing, but had little effect on cholinergic-induced
drinking. The latter was completely inhibited by
atropine. These findings suggest that the final
common pathway for the central effect of angio-
tensin on the thirst mechanism involves stimula-
tion of the adrenergic (beta) neurotransmitters of
this area of the hypothalamus.

These experimental observations should be con-
sidered when the eating, drinking or urinary flow
patterns of a given patient seem to be altered
while the patient is receiving cholinergic or ad-
renergic drugs or their inhibitors, or in clinical
situations in which the renin-angiotensin II system
is stimulated.

Various organic hypothalamic lesions may alter
thirst to the extent that adipsia, severe hypertonic
dehydration and sustained hypernatremia may

occur.37'38'40 These lesions may be traumatic or
inflammatory (such as encephalitis), or may in-
volve eosinophilic granuloma, histiocytosis, inter-
nal hydrocephalus, craniopharyngioma, pinealoma
and, in rare cases, so-called essential hypernatre-
mia with a defect in thirst regulation in which no
specific lesion may be found. In some patients
diabetes insipidus or anterior pituitary insuffi-
ciency, or both, may also be present.

Polydipsia and polyuria are common symptoms
in patients with chronic hypercalcemia or hypo-
kalemic syndromes. Although a pronounced defect
in the ability of the kidneys to concentrate urine
may contribute to the polyuria, we have noted
that polydipsia may be present despite the pa-
tient's ability to form a moderately hypertonic
urine (400 to 700 mOsm per liter), and that the
polydipsia may disappear after correction of hy-
percalcemia and hypokalemia long before any
basic improvement in the concentrating abnor-
mality has occurred. These observations suggest
that the electrolyte disorder may cause a primary
disturbance in thirst regulation. Recently, Berl
and co-workers39 have confirmed this clinical ob-
servation by noting that in potassium-depleted
rats a primary polydipsia was responsible for the
polyuria rather than the concentrating defect.
Because potassium depletion now has been shown
to be a strong stimulus to enhanced PGE synthesis,
it is possible that this polydipsia is PGE induced.
As calcium ion is a specific biologic antagonist
of potassium, it would not be surprising to find
that hypercalcemia also stimulates PGE synthesis.

Arginine Vasopressin, Antidiuretic Hormone
Arginine vasopressin (AvP) acts on the renal

tubule and, in doing so, has a fundamental role
in the homeostatic regulation of the volume and
osmolality of the body fluids in mammals. The
integration of AVP release with the thirst mech-
anism is necessary to assure the maintenance of
a normal water content and osmolality in the
body fluids. It is readily apparent that a distortion
in the thirst mechanism without a corrective re-
sponse in the renal handling of water, or a pri-
mary disorder in the renal handling of water
without an appropriate corrective response in the
thirst mechanism, will result in a serious distortion
of the volume and osmolality of body fluids.

The Neurohypophyseal System
In mammals the neurohypophyseal system re-

sponsible for the synthesis, storage and release of
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AVP consists of a group of specialized hypothala-
mic nuclei (supraoptic and paraventricular) and
the neurohypophyseal tract, made up of the axons
originating from these nuclei and terminating in
the pars nervosa or posterior lobe of the pituitary.
A discrete neural lobe with its systemic blood
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AH-Adenohypophysis ME-Median eminence OOptic chiasm
NH-Neurohypophysis NL-Neural lobe HPV-Hypophyseal

portal veins

Figure 1.-Highly schematic diagrams of the hypophy-
seal circulation in four vertebrate types. Solid arrows
represent blood flow from neurohypophysis to ade-
nohypophysis. Broken arrows represent the blood flow
to and from the neural lobe. (From Sawyer WH, et al:
Circulation, 1960, Suppl, part 2, 21:1028. Reproduced
with permission of the author and The American Heart
Association.)
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Figure 2.-The distribution of antidiuretic-vasopressor
neurohypophyseal prihciples among th, various major
groups of vertebrates. AVP = arginine vasopressin;
LVP=lysine vasopressin; AVT=arginine vasotocin. Un-
derlining of the abbreviation indicates that the peptide
has been chemically identified in at least one member
of the phyletic group. (Reproduced with permission
from Sawyer.42)

supply first appears phylogenetically in Amphibia
(Figure 1). These semiterrestrial vertebrates re-
quired a carefully regulated system for the reten-
tion and elimination of water; the neural lobe
supplied the hormone (arginine vasotocin) for
this purpose. The neural lobe in the earlier verte-
brates appeared to be a structure totally sur-
rounded by the anterior pituitary (Figure 1), and
the peptides formed in this area probably served
primarily as releasing factors for anterior pitui-
tary hormones.

Neurohypophyseal Peptides
However, despite the absence of a distinct

neural lobe, biologically active octapeptides have
been identified in the neurohypophyseal extracts
of lower vertebrates; these are listed in Table 4.41
Only three of these principles were considered by
Sawyer and others to be antidiuretic hormones:
arginine vasopressin, lysine vasopressin and argi-
nine vasotocin. All three contain a basic amino
acid in the penultimate position of the side chain,
a molecular configuration responsible for their
strong antidiuretic and vasopressor properties.
The remaining natural peptides resemble oxytocin
more closely in that they contain a neu.ral amino
acid in the 8-position of the side chain. These
have relatively weak vasopressor and antidiuretic
effects. The exact chemical structure of arginine
vasopressin and lysine vasopressin was determined
by du Vigneaud and his associates after they de-
fined the structure of oxytocin. As in the case of
oxytocin, they confirmed the exactness of the
chemical configuration by synthesizing peptides
with biologic properties identical to those of the
natural principles that they had isolated from beef
and hog posterior pituitaries.

Arginine vasopressin appears to be present in
representative species from most of the major
groups of mammals, including the egg-laying
monotremes and the marsupials. Lysine vasopres-
sin has been found only in pituitaries from mem-
bers of the division Suina (suborder Suiformes),
which contains pigs, peccaries and hippopotami.
All members of the other suborder of Artiodactyla
that have been examined, the ruminants, appear
to secrete arginine vasopressin. Although lysine
vasopressin occurs in all three living families of
the Suina, it has not entirely replaced arginine
vasopressin. One of five pituitaries from the wild
boar contained arginine vasopressin as well as
lysine vasopressin. This species is believed to be
ancestral to the domestic pig, suggesting that the
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TABLE 4.-The Known Active Neurohypophyseal Hormones of Vertebrates*

Positions of Amino Acldst
Peptide 3 4 8 Where,Found

Antidiuretic vasopressor (basic) principles:
Arginine vasopressin .... Phe Gln Arg Most mammals
Lysine vasopressin ...... Phe Gln Lys Suina
Arginine vasotocin .......lIe Gln Arg All (?) vertebrates

Oxytocin-like ("neutral") principles:
Oxytocin .. ... le Gln Leu Mammals, ratfish
Mesotocin ... .. Ile Gin le Nonmammalian tetrapods, lungfishes
Isotocin .......,Ile Ser Ile Ray-finned fishes
Glumitocin ...... Ile Ser Gln Rays
Valitocin.. .... Ile Gln Val Spiny dogfish (?other sharks)
Aspartocin .... .. Ile Asn Leu Spiny dogfsh (?other sharks)

*From Sawyer WH: Am Zool 17:728, 1977.
tCommon structure: Cys-Tyr-3-4-Asn-Cys-Pro-8-Gly(NH2)

ability to synthesize arginine vasopressin may
have been lost by domestic pigs as an indirect
result of selective breeding. Because the synthesis
of vasopressin is almost certainly genetically de-
termined, this implies that the gene allowing ly-
sine-Vasopressin synthesis originated by mutation,
occurring in a species ancestral to the Suina.
Figure 241 shows the distribution of antidiuretic-
vasopressor neurohypophyseal hormones among
the various groups of vertebrates. In general, the
bony fishes as well as the teleosts have only one
neurohypophyseal hormone, vasotocin. Some tele-
osts and holocephalians contain a second active
principle called isotocin (Table 4). This peptide
may also be present in lungfish. The elasmo-
branchs may have two different neutral peptides:
arginine vasotocin and glumitocin (Table 4).

Vasotocin, having the ring of oxytocin and side
chain of vasopressin, produces both antidiuretic
and milk-ejection effects when injected into mam-
mals, but it is not nearly as potent in this regard
as vasopressin. Vasotocin enhances water trans-
port in the nephrons of birds, reptiles and am-
phibians but not in bony fishes, cartilaginous
fishes or cyclostomes; it appears to enhance so-
dium excretion in these latter vertebrates (Table
5) .41 Extraordinarily low doses of vasotocin
(10-16M) have been shown to have potent effects
on the contractiop of the oviduct of the mud
puppy (Necturus maculosus) during the spring.42
This action of vasotocin reflects its oxytocic as
opposed to its vasopressor properties.

Vasotocin has also been identified in the pos-
terior pituitary of fetal mammals as well as in the
pineal glands and subcommissural organs of adult
mammals.43-45 Its function in mammals is not

TABLE 5.-Responses to Synthetic Arginine Vasotocin
Described as Occurring in Representatives of the

Major Phyletic Groups of Vertebrates*

Filtra- Sodiym Permeability
Urine tion Excre--

Group Flow Rate tion Skin Bladder

Mammials .......- 0 0,+
Birds ...... - 0
Reptiles ... - - - .. 0
Amphibians ...... -,0 0, - +,0 +,0
Lungfishes ....... + + + 0
Teleosts ....... + + + 0
Cyclostomes ...... 0 + 0
+=increase; -=decrease; O=no change. Where two signs appear
species differ in their responses to argninme vasotocin.

*From Sawyer WH.42

known although it has been shown to have potent
antigonadotrophic and prolactin-releasing effects
after intravenous or intracerebroventricular. injec-
tion. 46,47

Osmoreceptors for AVP Release
For sometime it was believed that the magno-

cellular neurons in the hypothalamus were cap-
able of. sensing changes in plasma osmolality,
thereby releasing vasopressin. There is now evi-
dence that there are multiple osmosensitive areas
outside the supraoptic and paraventricular nuclei.
Using the technique of microinjection of hyper-
tonic solutions into various locations in the cen-
tral nervous system, Peck and Blass48 identified
separate osmoreceptors mediating thirst and vaso-
pressin release. The osmoreceptor centers were
scattered within the preoptic areas and anterior
hypothalamus. The electrophysiologic studies of
Hayward and colleagues have suggested that there
are different functional types of osmosensitive
cells (specific and nonspecific) and that these
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cells are one synapse removed from the neuro-
secretory neurons. Van Gemert and co-workers49
have shown that lesions made in the medial pre-
optic area, with the supraoptic nuclei spared,
resulted in polyuria and impaired vasopressin re-
lease. These observations have pointed to regula-
tory centers for thirst and AVP release outside the
neurosecretory nuclei.

Formation and Storage of AVP
The posterior lobe of the pituitary is the storage

site for the AVP and oxytocin formed in the nerve
cell bodies in the supraoptic and paraventricular
nuclei. Although the content of oxytocin and AVP
in the posterior pituitary are approximately equal,
and frequently both hormones are released to-
gether, selective release appears to occur when
certain physiologic stimuli are applied; for ex-
ample, hemorrhage causes AVP release, whereas
distention of the cervix and suckling cause the
release of oxytocin. In autopsy material we have
found the AVP content of the posterior pituitary
in humans to be 85 ± 15 units per mg relative to
the' United States Pharmacopeia International
Standard, and others have reported approximately
15 usp units per whole human gland.

Electron microscopic and other histologic
studies of the neurohypophyseal system strongly
suggest that the membrane-bound neurosecretory
granules that are formed by the nerve cell bodies
of the supraoptic nuclei are carried by axoplasmic
streaming down the axons which terminate as
bulbous expansions on the basement membranes
of the capillaries in the posterior lobe. The gran-
ules containing the peptide hormones and their
carrier proteins gradually enlarge as they descend
along their intra-axonal path to their storage site
in the posterior lobe.

Rosenfeld,50 in 1940, and van Dyke and col-
leagues,51 in 1942, isolated a protein from the
posterior lobe of the ox pituitary gland. Bioassay
showed constant oxytocic pressor and antidiuretic
activities. This material, often called the van Dyke
protein, was thought to contain the biologically
active principles of the posterior lobe. In the
mid-1950's, Acher and associates52,53 noted the
relationship between the peptide hormones oxy-
tocin and vasopressin and the cystine-rich van
Dyke protein (extracted from bovine pituitaries).
They found that oxytocin and vasopressin could
be reversibly separated, from the larger binding
proteins, and they suggested the name neurophysin
for the hormone-free proteins. The findings of

Acher and his associates were confirmed by Gins-
burg and Ireland.54 The latter investigators, as
well as Dean and Hope,5 found that the neuro-
physins were stored in the same subcellular or-
ganelles (neurosecretory granules) as oxytocin
and vasopressin, and they have come to be re-
garded as the physiologic carrier proteins for the
intraneuronal transport of the hormones from
their site of synthesis in the hypothalamus to the
neurohypophysis. Neurophysins, isolated from the
posterior pituitary glands of rats,56 porcines,57
bovines57'58 and humans59 are relatively small
protein molecules, containing 18 different amino
acids per mole and varying in molecular weight
from 9,500 to 10,500. The evidence is conclu-
sive that there is a specific oxytocin-binding as
well as a specific vasopressin-binding neurophy-
sin,56'57 59962 each mole of protein binding one
mole of vasopressin or oxytocin. It is of consid-
erable interest that neurohypophyseal extracts
from homozygous rats with hereditary hypotha-
lamic diabetes insipidus (Brattleboro strain) con-
tain normal amounts of oxytocin and oxytocin-
binding neurophysin, but no vasopressin or its
neurophysin.56 The finding of hormone-specific
neurophysins may contribute to a better under-
standing of the selective release of oxytocin and
vasopressin.

Sachs and co-workers,63 using the technique of
injection of cysteine labeled with sodium sulfate
S 35 into the hypothalamus, with subsequent in
vitro isolation of vasopressin and neurophysin
labeled with sodium sulfate S 35, have clearly
documented that the biosynthesis of labeled
vasopressin is paralleled by the formation of
labeled neurophysin. Sachs and another group
of associates64 confirmed these observations, using
supraoptic neurosecretory neurons of the guinea
pig in organ culture, thereby suggesting that pro-
tein and hormonal peptide may arise from a com-
mon precursor. On the basis of these observations
and their own studies, Burford and colleagues50
have suggested that the relationship of each neu-
rohypophyseal hormone and its relevant neuro-
physin is analogous to that of insulin and C-
peptide. By this analogy, whereas in the beta-cell
of the pancreatic islet, proinsulin is split to give
insulin and C-peptide in the hypothalamo-neuro-
hypophyseal cell, provasopressin and pro-oxytocin
would give rise to vasopressin and vasopressin-
neurophysin, and oxytocin and oxytocin-neuro-
physin, respectively. In 1967 Friesen and Ast-
wood65 suggested that these binding proteins might
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be secreted into the circulation because after
dehydration or administration of hypertonic saline
in rats, they observed a parallel decrease in the
vasopressin and neurophysin content of the ex-
tracted posterior pituitary glands. Shortly there-
after, Fawcell,. Powell and Sachs66 were able to
extract neurophysin-like proteins from cavernous
sinus blood following hemorrhage. Because of
the development in several laboratories',62'67-69
of a sensitive and specific radioimmunoassay for
the neurophysins, the evidence is now indisputable
that neurophysin is not confined to the neurohy-
pophysis but is released into the circulation in
response to various physiologic stimuli that cause
the release of vasopressin and oxytocin.

In recent years, Sachs and associates have at-
tempted to delineate the steps in the biosynthesis
of vasopressin in the hypothalamo-neurohypophy-
seal complex of dogs and guinea pigs by use of
isotope-labeling techniques.70'7' They have pro-
posed a precursor model for vasopressin bio-
synthesis in which the biosynthesis would occur
solely in the perikaryon of the neurons or nerve
cell body of the supraoptic nucleus. Hormone
synthesis is presumably initiated on the ribosomes
via pathways common to the biosynthesis of other
proteins and peptides, involving transfer RNA,
messenger RNA, and so forth. However, Sachs
and co-workers have proposed that the biosyn-
thesis of vasopressin first leads to a bound, bio-
logically inactive form (provasopressin) as part
of a precursor molecule, and that the appearance
of the biologically active nonapeptide occurs at
a time and place removed from the initial bio-
synthetic events.

Conceivably, the release of the nonapeptide
from the precursor molecule would take place
during the formation and maturation of the neuro-
secretory granule. The most convincing evidence
in favor of a precursor molecule model has come
from labeling experiments carried out in vitro
with guinea pig hypothalamo-median eminence
tissue. As in the case of the in vivo isotope experi-
ments, the incorporation of amino acids labeled
with sodium sulfate S 35 and tritiated water into
vasopressin was preceded by a lag period of about
an hour. If the slices were removed from the
initial incubation medium after the first hour of
incubation and reincubated in fresh buffer, labeled
hormone appeared under conditions which pre-
cluded further de novo peptide bond synthesis.
Furthermore, the release of labeled vasopressin
from a labeled precursor can take place in a cell-
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Figure 3.- Schematic representation of several inter-
mediate stages involved in the neurosecretory function
of the vasopressin-producing cells of the mammalian
hypothalamo-neurohypophyseal complex. (Reproduced
with permission from Sachs H, et al, In Stutinsky F (Ed):
Neurosecretion. Berlin, Springer-Verlag, 1967.)

free system. Although the biosynthesis of labeled
precursor formed during the first hour of slice
incubation was inhibited by puromycin, the re-
lease of hormone from precursor was not inhib-
ited by this drug.

Figure 3 is a schematic representation of Sachs'
concept of the intermediate stages involved in the
neurosecretory function of the vasopressin-pro-
ducing cells of the mammalian neurohypophysis.
Using the radioisotope-labeling model of hormone
biosynthesis, Sachs and his associates consistently
found that when intact guinea pigs were deprived
of water for four days before removal of neuro-
hypophyseal tissues, the neurohypophyseal tissues
incorporated two to five times more radioactivity
in the newly synthesized vasopressin than in the
same tissues from guinea pigs with free access to
water. These findings suggest that the prolonged
maintenance of nerve impulses effective in the
release of vasopressin is probably also translated
into sustained synthesis of the hormone. There-
fore, it is likely that all stimuli which enhance
release of AVP also enhance its synthesis (Table
3). It is of great interest that a species of rat
(Brattleboro strain) with congenital vasopressin-
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Figure 4.-Schematic drawing of the hypothalamo-neu-
rohypophyseal system. The osmoreceptors of Verney
(Osm. V.) are seen as anatomically discrete cells whose
axons project to the magnocellular neurons (Mag. Ne.)
in the hypothalamus. The latter cells then project to
the posterior pituitary. Also shown are the osmorecep-
tors of Sawyer (Osm. S.) which respond to changes in
osmolality as well as to noxious stimuli (Aff. V.). Axons
from afferents related to behavioral stimuli (Aff. B.) are
shown projecting to the magnocellular neurons. (Re-
produced with permission from Hayward JN: Neuro-
humoral regulation of neuroendocrine cells in the hypo-
thalamus, In Lederis K (Ed): Recent Studies of Hypo-
thalamic Function. Basel, Karger, 1974, pp 166-179.)

sensitive diabetes insipidus has enormously en-
larged supraoptic nuclei which, on chemical anal-
ysis, contain little or no AVP.72 Therefore, although
the hormone-forming neurons exist, some specific
chemical defect prevents their synthesis of AVP.

The posterior lobe receives its blood supply
from and secretes its hormone directly into the
systemic circulation.

Neurophysiology of AVP Secretion
The introduction of methods capable of re-

cording electrical activity in a single magnocel-
lular neuron and of confirming the identity of
these cells by antidromic stimulation has pro-
vided many insights into the regulation of neuro-
secretion.73 Hayward and co-workers identified
two distinct cell types on the basis of their re-
sponse to infusion of hypertonic saline.74 Cells
with a monophasic pattern of activity that were
stimulated by hyperosmolality, but were not af-

fected by noxious stimuli, were thought to be the
specific osmoreceptors of Verney that are in-
volved in AVP release; cells with a similar specific-
ity, but having a biphasic response pattern, were
felt to be the magnocellular neurons. Alternately,
cells that responded to either osmotic or noxious
stimuli were designated osmoreceptors of Sawyer
(Figure 4). It was speculated that these were
important in the drinking and behavioral aspects
of osmoregulation. In other studies, the magno-
cellular neurons were characterized on the basis
of their firing pattern into the three following
groups: silent, phasic (bursting) or continuously
active. Several investigators have described modi-
fication in the firing patterns of these neurons in
response to various stimuli.75-77 This suggests that
the firing pattern is, in part, a reflection of the
state of activity of the neuron. There is evidence,
however, that a phasic firing pattern appears to
be associated with vasopressin-secreting cells
and a random firing pattern with oxytocin-secret-
ing cells.77 Findings from such neurophysiologic
studies have suggested that the specific neurons
that synthesize and secrete vasopressin and oxy-
tocin are distributed in both the supraoptic and
paraventricular nuclei (Figure 5). At present, no
specific functions can be attributed totally to one
or the other nucleus.

Considerable progress in unraveling the phy-
siology of AVP secretion has been made by using
techniques for histochemical identification of
neurosecretory neurons. The use of specific anti-
bodies to arginine vasopressin, oxytocin and neu-
rophysins has facilitated histologic identification
not only of magnocellular (secretory) neurons,
but has also resulted in delineation of additional
pathways of AVP secretion in the hypothalamus.
Immunohistochemical studies of hypothalamic
nuclei have confirmed the intermingling of vaso-
pressin- and oxytocin-secreting neurons in both
the supraoptic and paraventricular nuclei as de-
scribed above.78 The bulk of the evidence from
such studies seems to support the concept of one
neurosecretory neuron producing either vasopres-
sin and its neurophysin or oxytocin and its neuro-
physin.78'79 These studies have also permitted
identification of fiber tracts from the neurosecre-
tory nuclei other than those traversing the pitui-
tary stalk. One of these tracts projects to the
zona externa of the median eminence and appears
to be responsible for the very high concentration
of AVP found in hypophyseal portal blood.80
Staining in this area was greatly increased in rats
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in which the adrenal glands had been excised and
in which there were substantial elevations in the
level of plasma AVP.81 These observations suggest
a possible role for AVP along with other hypotha-
lamic factors in modulating corticotropin secre-
tion. There is also evidence suggesting transport
of AVP from the neurosecretory neurons to the
third ventricle. Studies in our laboratory have
shown that hemorrhage provokes a pronounced
rise in both plasma and cerebrospinal fluid (CSF)
concentrations of AVP, though to a lesser extent
in the latter.82 Such elevations did not occur after
intravenous administration of AVP, which suggests
that AVP was actively secreted into the CSF. This
is supported by the failure of intravenously ad-
ministered tritiated oxytocin to cross the blood-
CSF barrier.83 The vasopressin present in the CSF
may play some role in memory consolidation. De
Wied and co-workers have shown that injection
of vasopressin into the third ventricle increased
resistance to the extinction of a conditioned avoid-
ance response. Memory consolidation was in-
hibited by injection of antivasopressin antiserum
into the third ventricle.84 They suggested that
hypothalamic pathways can transport AVP to the
infundibular recess of the third ventricle where it
can be released into the CSF and influence mem-
ory processes related to behavioral homeostasis.

Secretion or Release of AVP
The release of AVP into the circulation, regard-

less of the stimulus, is dependent on depolarizing
impulses arising in the supraoptic nuclei and trans-
mitted down the axon to the hormone-storing
terminal ending in the posterior lobe.9 The pores
in the capillaries of the neural lobe have a
diameter of approximately 30 to 75 my or 300
to 750 A, whereas the intact neurosecretory
granules in the neural lobe have a diameter of
1,600 to 5,000 A.9 This difference in size suggests
that the intact granules cannot be released as such
into the circulation. However, the recent elegant
electron microscopic and biochemical studies of
Douglas and associates85-88 have clearly recon-
ciled this difference as well as defining the nature
of the cellular events involved in the secretion of
posterior pituitary hormones.

Earlier studies85 89'90 suggested that on stimu-
lation of the neurohypophysis the granules stored
in the nerve ending release their contents in the
form of a molecular dispersion. This dispersal
allows the hormones to traverse the cytoplasm
and plasma membrane of the nerve ending to
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Figure 5.-Adjacent 5 /M coronal sections of the
supraoptic nucleus of a normal rat reacted for oxytocin
(top) and vasopressin (bottom) by the immunoperoxidase
technique. Oxytocin-containing cells are concentrated
in one dorsal part of the nucleus whereas vasopressin
cells are found scattered throughout the nucleus with
most intense staining seen in the ventral portion. Some
cells are reactive for both hormones (magnification
x260). (Reproduced with permission from Zimmerman
EA, Defendini R: Hypothalamic Pathways Containing
Oxytocin Vasopressin and Associated Neurophysins.
International Conference on the Neurohypophysis, Nov
14-19, 1976, Key Biscayne, Florida. Basel, S Karger AG,
1977.)

reach the extracellular space and from there the
capillary lumen. Douglas and associates85-88 point
out that all previously proposed schemes have
shared a common notion of an intracellular mech-
anism that is responsible for the dissociation of
the hormones from their intracellular sites of
storage or binding and their subsequent transport,
possibly by molecular diffusion across the various
plasma membrane barriers, into the circulation.
These investigators85-88 have convincingly con-
cluded from their electron microscopic evidence
that the neurosecretory granules discharge their
contents directly onto the cell exterior by the
process of exocytosis, beginning with fusion of the
granules with the plasma membrane, and subse-
quent formation of an opening that communicates
with the extracellular space. This mode of secre-
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tion is most consistent with observations61'62'67-69
that the hormone-binding protein neurophysin in
the neurosecretory granules escapes into the cir-
culation with the hormones when the posterior
pituitary gland is stimulated.
From their excellent studies Douglas and col-

leagues85-88 have further proposed that the syn-
aptic vesicles, which accumulate at the nerve end-
ings after the release of AVP and oxytocin, arise
as by-products of secretion by exocytosis. These
electron-lucent structures, about a fourth to a
fifth the diameter of the neurosecretory granules,
were called synaptic vesicles by Paley"' because
their size, appearance and distribution were simi-
lar to those of the synaptic vesicles in ordinary
neurons. Paley and others suggested that they
participate in hormone release. Douglas has con-
clusively shown that these synaptic vesicles form
by inward budding endocytosis of the cell surface,
mainly at the base of the exocytotic pit. The
microvesicles so formed are thought to move from
the membrane, aggregate and migrate centripe-
tally in the fiber away from the terminal region
of the membrane engaged in hormone extrusion.
Through this mechanism, the surplus plasma
membrane, made available by the incorporation
of the membrane of the neurosecretory granule
into that of the axon terminal can be disposed of.

Douglas and Poisner have shown that when the
neural lobe is incubated in vitro and stimulated
(depolarized) either electrically or by high extra-
cellular concentrations of potassium, the actual
release of the hormone is strongly calcium ion
dependent.92 Depolarization caused an increased
uptake of calcium chloride Ca 45 by the neural
lobe, and the secretion rate waned with the cal-
cium content of the extracellular environment.
They proposed the following steps: (1) propaga-
tion of impulse, after specific stimulus, down the
neurohypophyseal stalk from supraoptic nuclei,
(2) depolarization of neurosecretory axon ter-
minals by impulses, (3) influence of calcium ion
across the axon's plasma membrane and (4) acti-
vation of some calcium-dependent exocytotic
process leading to hormone extrusion.
An extremely important concept regarding the

release of large amounts of AVP from the neuro-
hypophysis has been derived from the experiments
of Sachs and associates.93 Acute hemorrhagic hy-
potension is one of the most powerful stimuli for
the immediate release of antidiuretic hormone.
Within a few minutes after reducing the blood
pressure of dogs to 50 mm of mercury by bleed-

ing, there is a rapid discharge of arginine vaso-
pressin into the blood. In the presence of a main-
tained stimulus of hemorrhagic hypotension, the
initial secretory response is not sustained beyond
the first few minutes of hemorrhage. Reinfusion
of the shed blood, after 30 minutes of hemor-
rhage, restored the arterial pressure and the blood
AVP concentration to relatively normal values. A
second hemorrhage an hour later failed to raise
the concentration of AVP in the blood beyond the
level observed just before blood reinfusion. Direct
analysis of the pituitary gland showed that the
decline in the release of AVP during hemorrhage
could not be attributed to exhaustion of the pitui-
tary content of AVP. Furthermore, AVP release did
not appear to be a simple function of the total
hormone content of the gland. Nevertheless, this
attenuation of AVP release appears to reside, in
part, at the level of the pituitary. Pituitaries taken
from bled dogs released much less AVP in vitro
in response to electrical or potassium stimulation
than pituitaries from animals that had not been
bled. Electron microscopic studies showed that
the fine structure of the neural lobes of intact and
bled dogs was similar in appearance, and there
was no difference in the isolated specimens. Anal-
ogous results were obtained under circumstances
(carotid perfusion and section of the vagi) in
which hemorrhage failed to elicit an appreciable
discharge of AVP.
As a working hypothesis, it is suggested that

the pool of neurohypophyseal AVP is heterogeneous
and that about 10 percent to 20 percenit of the
total hormone content of the gland can be readily
released.93 Once this smaller pool of hormone,
which can be quickly released, has been dis-
charged, the neurohypophysis continues to release
arginine vasopressin in response to appropriate
stimuli, but at a greatly reduced rate. Analysis
of the amount of hormone remaining in the
pituitary at the end of these experiments gave
values that ranged from 2,500 to 7,000 mU of
vasopressin per gland. There was no apparent
correlation between the amount of AVP released
during the second hemorrhage and the amount of
hormone found in the gland.

Quantitative Aspects of Secretion
From studies using bioassays of the hormone or

its infusion at varying rates in water-load in hu-
mans,94-96 one may conclude that in the normal
ambulatory adult human, mild, sustained osmotic
and nonosmotic stimuli cause the release of ap-
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proximately 150 [U per minute per m2 of AVP
into the circulation. This is associated with a
urinary osmolality of 500 to 1,000 mOsm per
liter. During sustained dehydration (24 to 48
hours), with maximally concentrated urine, there
is probably a threefold to fivefold increase in AVP
release.'0-12'94'96 97 Therefore, in a 24-hour period,
a normal dehydrated human (1.73 m2) will secrete
between 1 and 2 units while maintaining a maxi-
mally concentrated urine. Stimuli such as severe
pain, hemorrhage or an acute decrease in cardiac
output may cause a 50-fold to 100-fold increase
in the rate of secretion.8'95 For orientation it may
be noted that the commercially available aqueous
Pitressin contains 20 pressor units per ml of vaso-
pressin, whereas Pitressin Tannate in Oil contains
5 pressor units per ml; 1 mg of the pure nonapep-
tide contains approximately 400 to 500 units of
vasopressin.
The direct assay of ADH in the plasma of normal

subjects in various states of hydration and the
simultaneous measurement of plasma and urinary
osmolality allow one to determine the relationship
between concentrating ability and a given level of
AVP in the circulation.8'10"2'94'96 Segar and Moore'2
and Moore" plotted this relationship in a large
number of subjects, showing the curve of values
from undetectable levels during water diuresis to
concentrations as high as 20 [JX per ml during 24
to 48 hours of dehydration. They found that in
the state of normal hydration, at AVP concentra-
tions of 1.5 to 2.0 MU per ml, the urinary-to-
plasma (u/P) osmolar ratios varied from 1:1 up
to a high of 4:1. The sigmoid nature of their
curve (Figure 6) suggests that small changes of
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between 1 and 3 ,uU per ml in plasma AVP will
cause relatively large changes in the u/P osmolar
ratio, whereas urinary concentrations greater than
4 yU per ml will change only slightly as circulat-
ing AVP levels approach their highest value during
dehydration.'2 A similar plot of plasma AVP versus
urine osmolality by Thomas and Lee98 shows that
urine osmolality varies as a linear function of log
plasma AVP. This is in keeping with the log-dose
response curve for AVP versus renal medullary
adenylate cyclase. Therefore, from this curve and
other available data,'0-'2,94'96'99 it is apparent that
maximal renal conservation of water can be
achieved by the release of only moderate amounts
of AVP. Higher rates of secretion, which would
increase the plasma AVP concentration above 4
,uU per ml, would not influence further the maxi-
mal concentrating capacity in the dehydrated
subject. This ability to produce the most concen-
trated urine at rates of AVP secretion far below
maximal levels is due to the increased efficiency
of the vascular and countercurrent mechanisms
in the kidney that are responsible for the produc-
tion of the hypertonicity of the renal medulla.
This intrarenal adaptation allows for a further renal
conservation of water without the added need for
further secretion of AVP. This is strikingly appar-
ent in the experiments of Valtin72 and Miller and
Moses.99 They studied rats with congenital dia-
betes insipidus that were unable to form AVP,
yet in which progressive dehydration caused the
urine osmolality to rise from its usual hypotonic
level of 150 to 200 mOsm per liter to a peak of
1,100 to 1,200 mOsm per liter. Their findings
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emphasize the importance of nonhormonal factors
in the production of a maximally concentrated
urine.

Osmotic and Nonosmotic Stimuli to
AVP Secretion

Table 3 lists the known stimuli and inhibitors
of the release of AVP. The final common pathway
for all of these, regardless of their nature, is the
nerve cell bodies of the hypothalamic supraoptic
nuclei. The rate of hormone release at any mo-
ment will be controlled by the algebraic sum of
the stimulating and inhibiting impulses impinging
on the final common pathway. From this concept
it is easy to see how the same osmotic stimulus-
for example, a given increase in effective plasma
osmolality-can be associated with different rates
of secretion of AVP, depending on the other im-
pulses of nonosmotic origin impinging on the
supraoptic nuclei. The most common physiologic
factor altering the osmolality of the blood is water
depletion or water excess. The former causes a
rise in the tonicity of all body fluids and cellular
hydration, whereas the latter causes the reverse.
The osmoreceptor neurons, in common with all
body cells, share in this change in intracellular
volume. The latter is probably responsible for
altering the electrical activity of these neurons
and, therefore, the release of AVP. If the tonicity
or osmolality of all body fluids is increased by
the administration of a solute such as urea that
freely penetrates all body cells, no change in
intracellular volume will occur and AVP release
will not be stimulated. In contrast, an increase in
the osmotic pressure of only 2 percent, caused by
the administration of hypertonic saline during a
water diuresis, will initiate the immediate release
of a quantity of AVP sufficient to cause a pro-
nounced antidiuresis (Figure 7) .100,101 On the
other hand, a comparable decrease in osmotic
pressure, secondary to a water load, will stop the
release of AVP and produce a maximal water
diuresis unless this release is maintained by some
nonosmotic stimulus (Figure 8). The concept of
osmotic control of AVP and its subsequent effect
on the nephron, painstakingly developed in ex-
periments in dogs by Verney and associates, was
presented in Verney's outstanding Croonian lec-
tures.102 These represent the most fundamental
work in this field and provide a lucid, exciting
description of a scientific approach to clarifying
a complicated physiologic feedback system.

Robertson and co-workers have plotted con-

comitant levels of plasma AVP and osmolality in
a large number of experimental animals and
showed that they were related by the function
plasma AVP=k (plasma osmolality-X) where k
was the slope of the regression line and X was
the X intercept (Figure -9) .103,104 They proposed
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Figure 7.-Composite osmotic threshold studies on 38
normal subjects. Mean osmotic threshold in mOsm per
kg of body weight is entered in rectangle and mean
plasma osmolality (Po..1) at the beginning of the rapid
saline solution infusion is entered in ellipse. Bars and
brackets represent mean ± standard deviation for uri-
nary volume (V), osmolar clearance (COsm), free water
clearance (CH20), creatinine excretion (UWrV) and sodium
excretion (UNaV). Time intervals are expressed in rela-
tion to the time of the osmotic threshold. (Reproduced
with permission from Moses AM, et al: Am J Med 42:
368-377, 1967.)
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that the X intercept represented the "osmotic
threshold" which was the critical level of osmo-
lality at which AVP secretion would be stimu-
lated.103"104 The threshold concept had been pro-
posed earlier by Moses and colleagues on the
basis of the abrupt onset of a decrease in free
water clearance in water-loaded subjects under-
going an infusion of hypertonic saline.'0'

Alternative theories on the osmotic control of
AVP secretion have been proposed. Studies in our
laboratory have suggested that instead of a dis-
crete level of plasma osmolality above which AVP
secretion would-be initiated, there was rather a
continuous relationship between the logarithm of
plasma AVP and plasma osmolality (Figure 10).105
This type of relationship also appears to exist
between log plasma AVP and blood volume after
hemorrhage. Several Scandinavian investigators
have raised the question of whether a nonspecific
alteration in osmolality was the factor responsible
for initiation of thirst or AVP release. Eriksson
and co-workers showed that intracarotid injection
of hypertonic glycerol or galactose failed to pro-
duce an antidiuresis comparable to that occurring
after injection of hypertonic saline or sucrose.'06
Similarly, injections of hypertonic saline into the
lateral ventricles of the brain produced intense

I,*

121
xE

O%

hyperdipsia and antidiuresis, while hypertonic
solutions of sucrose, d-glucose or glycerol brought
about increased free water clearance.107" 08 This
effect of cerebroventricular infusion of sodium on
thirst and antidiuresis could be augmented by
concomitant administration of angiotensin II.107
These results suggested the presence of a central,
sodium-sensitive receptor near the third ventricle
that was capable of controlling both thirst and
AVP secretion. It appeared that angiotensin either
enhanced sodium transport to the regulatory
structures or that it sensitized them in some fash-
ion. The contradictions between this hypothesis
and the more general osmoreceptor hypothesis
have not been resolved.
The osmotic stimulation of AVP secretion can

be modified significantly by changes in volume
of body fluids. Both the apparent osmotic thres-
hold and the sensitivity (slope) of the osmolality-
plasma AVP relationship were shown to be altered
by modification of extracellular fluid or plasma
volume (Figure 11). Hypovolemia in experimental
animals resulted in lowering of the osmotic thres-
hold, while the slope of the response relationship
became steeper.103 In later studies in humans,
upright posture was shown to lower the osmotic
threshold compared to the recumbent posture.'09

Figure 8.-Effect of a sustained
oral water load (2,000 ml), fol-
lowed by the intravenous injection
of arginine vasopressin, on the
plasma level of antidiuretic hor-
mone (ADH) and the measurement

,.isoo' e. _ of a maximal water diuresis. (Re-
so m produced with permission from

Czaczkes and Kleeman.94)
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Figure 9.-Plot of plasma arginine vasopressin (AVP)
and plasma osmolality in a series of normal subjects as
well as in those with primary polydipsia, nephrogenic
diabetes insipidus and pituitary diabetes insipidus. The
best fit regression line is shown with the solid line.
(Reprinted with permission from Robertson GL, Shelton
RL, Athar S: The osmoregulation of vasopressin. Kidney
International 10:25-37, 1976.)

In these studies there was no significant change
in the slope. Intravenous infusion of angiotensin
II in dogs significantly steepened the slope of
the relationship between plasma osmolality and
plasma AVP and served to potentiate osmotically
stimulated AVP release."10 These observations sug-
gested an interaction of osmolar and volume fac-
tors so that AVP secretion at any moment is con-
trolled by the algebraic sum of the stimulating
and inhibiting impulses impinging on the final
common pathway.
From the above, the importance of volume as

well as osmolality of the body fluids in the control
of the secretion of AVP is immediately apparent.
A change in vascular or extracellular volume, or
both, exerts its effect through baroreceptor or

pressure receptor mechanisms somewhere in the
circulation. In Table 3, under 2a and 2b, these
receptors have been listed. In recent years, an

increasing number of investigators have studied

the nature of the reflex arcs activated by these
receptors.*

These receptors are located in the carotid sinus,
the aortic arch, the left atrium and great pulmo-
nary veins and, probably, in the juxtaglomerular
apparatus of the kidney.16"18,22-24"113 As barorecep-
tors they respond as tension develops in the wall
of the receptor organ rather than to the volume
of blood per se; in other words, the higher the
compliance (less change in mural tension for any
given change in volume), the less will be the
stimulation or inhibition of the receptor. The
afferent limbs of the first three of these neuro-
humoral arcs are the ninth or glossopharyngeal
nerves from the carotid sinus, the aortic nerves
of the aorta, and the tenth or vagus nerve from
the wall of the left atrium and great veins. Their
impulses ascend from the medulla by way of the
reticular formation of the midbrain and dien-
cephalon to the supraoptic nuclei in the hypo-
thalamus. A decrease in afferent impulses from
these baroreceptors, caused by the stimuli listed
in Table 3 brings about an increase in the secre-
tion of AVP; conversly, an increase in the afferent
impulses caused by the inhibitors listed in Table
3 results in a decrease of the secretion of AVP.

Section of the thoracic or cervical vagi, or de-
nervation of the carotid sinus, will completely
block these nonosmotic stimuli that lead to the
release of antidiuretic hormone. Similarly, dener-
vation of the vagus will result in a more exagger-
ated rise in the circulating level of AVP when a
stimulus is applied that lowers pressure in the
carotid sinuses as well as in the great veins of the
thorax and the left atrium (Figure 12). Con-
versely, if the pressure in the carotid sinus is
maintained despite a fall in cardiac output or
blood volume, either the increment will be sub-
stantially less or the rise in the circulating level
of antidiuretic hormone will be prevented entirely.
Share, in his classic studies, has shown that within
a few minutes after reduction of blood pressure
of dogs to 50 mm of mercury by bleeding, there
is a rapid discharge of vasopressin AVP into the
blood.8"12 Carotid perfusion to maintain a high
pulse pressure, in a dog in which a vagotomy had
been done prevented this discharge (Figure 13).

Independent of its effect on renal hemody-
namics, contraction of the extracellular or plasma
volume without an alteration in the tonicity of the
body fluids may cause a striking release of AVP.
Positive-pressure breathing, which decreases the

*References 8,9-13,16,18,22-24,26,38,111-113
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

intrathoracic blood volume, causes a significant
release of AVP. Similarly, negative-pressure breath-
ing with a rise in intrathoracic volume is followed
by a typical water diuresis. This volume receptor,
or more correctly baroreceptor, in the left atrium
or great pulmonary veins, appears to be extremely
sensitive to small shifts in volume or tension.

Alterations in posture have been thought to
modify AVP secretion in humans. Moore and co-
workers noted a significant elevation in plasma
AVP in persons upon assumption of an upright pos-
ture."'17 However, the large changes in bioas-
sayable AVP concentration that they observed
have not been confirmed in more recent studies
using radioimmunoassay. Athar and Robertson
were able to show an increase in plasma AVP in
persons in an upright position compared with
those in a supine position only in dehydrated
subjects (Figure 14).109 They showed that up-
right posture influenced the relationship between
plasma osmolality and plasma AVP by lowering
the apparent osmotic threshold. In contrast, up-
right posture produced by head-up tilting caused
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significant elevations of plasma AVP."l4 This oc-
curred in a biphasic pattern with a small initial
increase after ten minutes of 85 degrees of tilt
followed by a considerably larger increase after
45 minutes. The initial hypovolemic stimulus
appeared to be due to venous pooling that led to
transudation of protein-free fluid through depend-
ent vascular beds and the later decline in plasma
volume. Therefore, it appears that posture (the
upright position) exerts a tonic nonosmotic stim-
ulus to the sustained neurohypophyseal-released
AVP, and, when one reclines, this stimulus is
lessened, AVP secretion decreases and a mild
diuresis of more dilute urine occurs. Epstein and
associates have clearly shown that head-out im-
mersion in humans creates an antigravity model
whose cardiovascular (and renal) effects closely
simulate those of the reclining position. In one
of their studies they determined urinary AVP ex-
cretion in ten normal subjects undergoing im-
mersion after 14 hours of overnight water re-
striction. The immersion resulted in a progressive
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Figure 10.-A, Integrated plasma arginine vasopressin (AVP) plotted as a function of plasma osmolality (OSM) in
sheep. Each point represents the mean or integrated plasma AVP concentration determined from ten samples
collected at three-minute intervals. The best fit for the equation AVP = k Pom + b is shown with the dashed
line, while the best fit for the equation log AVP=k2 Posm+b is shown with the solid line. The logarithmic plot
appears to better fit the data, particularly at the extremes of plasma osmolality. B, The data are replotted on
a logarithmic scale. The linear relationship between log AVP and plasma osmolality is apparent when plotted
in this fashion. (Reproduced with permission from Weitzman R, Fisher DA: Log linear relationship between plasma
arginine vasopressin and plasma osmolality. Am J Physiol 233:E37-E40, 1977.)
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

decrease in AVP secretion from 80 ± 7 to 37±6
uU per minute during the recovery hour.115

Zehr, Johnson and Moore13 by carrying out
detailed studies on normal, unanesthetized sheep,
concluded that sensitive osmoreceptors and vol-
ume receptors (baroreceptors) exist that are in-
volved in the regulation of AVP secretion. At the
stimulus level used in their studies, neither recep-
tor system dominated the other and, under normal
circumstances, they act in concert to maintain
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pg/mi
10 HYPERVOLEMIA OR HYPERTENSION
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8

6 -

4

2

0 7

260 270 280 290 300 310 320 330 340
PLASMA OSMOLALITY

mOsm/kg

Figure 11.-Schematic diagram of the effect of altera-
tions of blood volume or pressure on the relationship
between plasma osmolality and plasma vasopressin.
Decreased blood volume or blood pressure appears to
enhance vasopressin release at any particular level of
plasma osmolality, while increased blood volume has
the opposite effect. (Reproduced with permission from
Robertson GL, Shelton RL, Athar S: The osmoregula-
tion of vasopressin. Kidney International 10:25-37, 1976.)

the osmolality and volume of the extracellular
fluid via their effect on AVP secretion. It is of
great interest that those changes in the circulation
and the volume and distribution of body fluids
that stimulate the baroreceptors of the carotid
sinus and left atrium (Table 3) are also the changes
that bring about the release of renin from the kid-
neys, and thereby the production of angiotensin.
If angiotension, through its direct action on hypo-
thalamic centers, can not only stimulate thirst but
can also augment the release of AVP 16,18,22-24,113
then we must consider an additional regulatory
system contributing to the modulating impulses
impinging on the final common pathway, the su-
praoptic neurons. The tonic nature of the stimuli
arising from the upright position can be seen
readily by observing the increase in flow of a
more hypotonic urine that almost invariably fol-
lows the assumption of a reclining position. From
this, one would expect a similar diuresis to de-
velop after the subject has retired for the night.
However, this is not observed and, on the con-
trary, the sleeping hours are, fortunately, ac-
companied by a period of antidiuresis associated
with an elevated plasma concentration of AVP.
The mechanism responsible for the nocturnal
antidiuresis obviously overrides the inhibitory
stimulus of the reclining position as such. This
nocturnal antidiuresis is only explained in part
by the nocturnal decrease in glomerular filtration
rate and solute excretion.

70 VAGOTOMY VAGOOMY I OCCLUSiON CONTROL OCCLuS. CONTRL OCCLLM.

D1 iT %a- : n 2

CONT. 5 30 3 6 10 CONsT. 5 30 3 6 10 C.C. ^00MINUTES ME ES I i

Figure 12.---(Left) Effect of bilateral cervical vagotomy followed * 100XS O
by occlusion of both commnon carotid arteries on ( blood titer of ^ u 11 11 1
antiduretic hormone (ADH), and @) femoral arterial systolic (SP), ] -
mean (MP) and diastolic (DP) pressures. Mean + SE for seven
experiments in G, six experiments in (O.! (Right) The effect of partial ligation of the carotid artery, above and
below the carotid sinus, on plasma ADH with and without sinus denervation. (Reproduced with permission from
Chiens S: Proc Soc Exptl Biol Med 111:193, 1962.)
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

Many disease states, particularly those associ-
ated with a tendency toward sodium and water
retention (such as cirrhosis, cardiac failure, nu-
tritional edema and nephrosis) are almost in-
variably associated with a reversal of the normal
diurnal pattern of water excretion. These dis-
orders, accompanied by an alteration or redistri-
bution of the vascular volume, also exaggerate the
postural effect on the release of AVP. Therefore,
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Figure 13.-Effect of hemorrhage on the concentration
of antidiuretic hormone (ADH) in plasma, when the ca-
rotid sinuses were perfused with a high pulse pressure.
The concentration of ADH in the first plasma sample of
each experiment is taken as 100 percent. The ADH
concentrations in subsequent samples are expressed
as percent of the concentration in this first sample.
These values are indicated on the ordinate. The ab-
scissa is the degree of blood loss, expressed as percent
of the initial blood volume, which was estimated to be
8 percent of the body weight. The lines extending above
and below the symbols indicate ± SE (standard error).
The figures in parentheses are the concentrations of
ADH in the initial blood samples in microunits per
milliliter plasma (mean ± SE). There were six experi-
ments in group 1A, eight in group 11B, and eight in
group 1C. Group 1A, control group; group 1B, per-
fused, with high pulse pressure during hemorrhage;
group 1C, hemorrhage. (Reproduced with permission
from Share."'2)

it is probable that while exercising or in the up-
right position, these patients, despite their ex-
panded extracellular volume, have a far greater
release of AVP than do normal subjects. The
assumption of the reclining position during the
night may actually decrease the amount of AVP
and lead to a nocturnal water diuresis. This is
suggested in the classic studies of Borst and de
Vries.116 It is probable that the improved renal
hemodynamics, reduced secretion of aldosterone
and AVP, and increased circulation of the natri-
uretic factorl"7118 all contribute to the nocturnal
polyuria that is so characteristic of the disease
states mentioned above. That this reversal is also
seen in states of primary or secondary adrenal
insufficiency suggests a role of the glucocorticoids
in the maintenance of the normal diurnal pattern.
However, no clear-cut relationship has been estab-
lished. One might ask why in the edematous states
mentioned earlier (especially those such as con-

Figure 14.-The effect of dehydration and upright pos-
ture on plasma arginine vasopressin (AVP), osmolality
and hematocrit in humans. A significant rise in plasma
AVP in the upright posture compared with the recum-
bent posture was seen only when the subjects were
hydropenic. (Reproduced with permission from Robert-
son GL, Shelton R, Athar S: The osmoregulation of
vasopressin. Kidney International 10:25-37, 1976.)
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

gestive heart failure and cirrhosis in which blood
volume is also increased) we do not see a raised
osmotic threshold for AVP release as described
in volume-expanded normal humans'0l and ani-
mals.'02 The most likely explanation is that im-
paired circulation or redistribution of blood, or
both, seen in those states produce an abnormal
response by the baroreceptors of the carotid sinus,
left atrium and juxtaglomerular apparatus. Strong
support for this explanation comes from the study
of decompensated cirrhosis in patients by Epstein
and associates using water immersion to the neck,
a procedure that redistributes blood volume with
concomitant central hypervolemia. This model
assessed the role of effective volume in the im-
pairment of sodium and water handling in patients
with cirrhosis. They observed a striking rise in
free water clearance (CH20) and drop in minimal
urinary osmolality (Figures 15 and 16) which
were most consistent with the interpretation that
both avid reabsorption of filtrate proximal to the
diluting site and increased levels of AVP may par-
ticipate to varying degrees in mediating the im-
paired water excretion accompanying cirrhosis.

It is well recognized that during very rigid
sodium restriction in normal persons, the early
negative salt balance during the first few days,
before there is maximal renal conservation of
sodium, is associated with a weight loss ranging
from 0.5 to 2.0 kg. During this period, water
ingested is readily excreted in isotonic proportions
with salt. Further, negative salt balance and loss
of extracellular volume may substantially impair
water diuresis and urinary dilution. This was
clearly shown in the early experiments in humans
by McCance"19 and in studies in dogs and humans
by Leaf and his associates (Figure 17).*20
Studies in our laboratory have shown that mild
salt restriction for three days in normal subjects
produced a statistically insignificant rise in plasma
AVP. At the same time there was a significant fall
in plasma tonicity.'22 In this setting, AVP secretion
was inappropriate for the concomitant level of
plasma osmolality. Under these conditions, vol-
ume factors were responsible for the relative ele-
vation of plasma AVP. There is no doubt that the
reduction in renal blood flow and glomerular fil-
tration rate, the pronounced conservation of
sodium and the sustained nonosmotic release of
AVP all contribute to the severity of the impaired
water diuresis. In many disorders associated with
extensive loss of vascular or extracellular volume,
the nonosmotic stimulus to the release of AVP

may be of such magnitude and duration that it
may override the inhibitory effect of hypo-osmo-
lality and cellular overhydration. When this oc-
curs, hypotonic retention of water and hypona-
tremia invariably follow. Although this might be
considered an inappropriate secretion of AVP, it
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Figure 15.-Effects of water immersion following one
hour of quiet sitting (prestudy) on free water clearance
(CH2o) in 11 patients with alcoholic liver disease.
Shaded area represents the mean ± SE for clearance
for 18 normal control subjects undergoing immersion
while in balance on a 150 mEq sodium diet. These con-
trols received a water load (1,700 ml) which was twice
as great as that used in the present study. Immersion
resulted in a significant increase in CH20 (P=0.01)
which equalled or exceeded that of the controls on the
higher sodium intake. (Reproduced with permission
from Epstein M, et al: Determinants of deranged sodium
and water homeostasis in decompensated cirrhosis. J
Lab Clin Med 87:832, 1976.)
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parent that the body is merely sacrificing a impairment in water excretion, is responsible for
change in tonicity to buffer a larger change the relative or absolute impairment in water ex-
lume. cretion in the postoperative period and the very
iy major surgical operation, with its ac- common symptomatic or asymptomatic hypona-
ianying premedication, anesthesia, incisions, tremia observed so frequently following surgical
on on viscera, decrease in blood volume and procedures.
ac output and, finally, postoperative pain, From our earlier discussion on thirst, it was
es a constellation of nonosmotic stimuli evident that hypothalamic centers regulating the
lead to sustained operative and postopera- thirst sensation could be stimulated by impulses

elease of AVP (Figure 18). This, more than from the cerebral cortex. This also holds true for
eduction in renal blood flow or nonhormonal the release of AVP. It is well known that pain can

bring about a sudden release of AVP and antidi-
uresis and that inappropriate antidiuresis has been

M observed in psychotic patients. Demerol (meperi-
dine hydrochloride), barbiturates and morphine,
all capable of stimulating AVP release when given

0°) IMMERSION in large amounts, may act through the barorecep-
tor mechanisms (Table 3) rather than by a direct
pharmacologic effect on the neurohypophyseal
system.

- COMPENSATED In an earlier section, we discussed the effect
- DECOMPENSATED of various pharmacologic agents (chemicals) on

the regulation of thirst and their role as possible
neurohumoral transmitters in the hypothalamus.
These drugs, or their analogues, also alter the
release of AVP or the activity of the supraoptic
neurons.'23-125 The cholinergic agents, acetylcho-
line, mecholyl or carbachol, when injected sys-
temically or into the carotid artery, or applied
locally to the supraoptic nuclear area, stimulate
the immediate release of AVP. It is of great

\ \ \ /interest that these drugs cause a water repletion
reaction, and inhibit food ingestion simultane-
ously.31 Ingestion of food when water must be
conserved would tend to enhance solute and water
excretion. Possibly acting through these neuro-

®...®_03 chemical transmitters are the effects created by
warm blood perfusing the hypothalamus. Over-

-C) heating of an animal or direct heating of the
hypothalamus creates a sensation of thirst, a

l . l*, stimulation leading to the release of AVP, anti-
PRE-STUDY 1 2 3 4 5 diuresis and inhibition of food intake, the water

HOURS repletion reaction. However, the sensation of
16.-Effect of water immersion following an thirst and the release of AVP after exposure to a

)f quiet sitting (prestudy) on total urinary solute hot environment may also be due to stimulation
ntration (Uosm) in 11 patients with alcoholic liver
;e. Shaded area represents the mean ± SE for of the baroreceptor mechanisms listed in Table 3.
for 18 normal subjects undergoing immersion. The peripheral vasodilatation and the associated
controls received a water load twice as great redistribution of blood with a decrease in central

It used in the present study. The urine was sub- '
lily diluted in all the patients, attaining levels of blood volume could stmulate the receptors. This
al U0sm equal to or less than that of the controls. is the interpretation of Segar and Moore,'2 who
duced with permission from Epstein M, et al: found that exposure of normal subjects for two
ninants of deranged sodium and water homeo- h t 500C ed a four to fivefold increase
in decompensated cirrhosis. J Lab Clin Med 87: horat0Ccusdafr-ofieldnrae
976.) in plasma AVP. The critical importance of this
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

water repletion reaction to persons in a hot en-
vironment is obvious.

Recent studies have indicated that the beta-
adrenergic agent isoproterenol (Isuprel), when
infused systemically into normal human volun-
teers, anesthetized126 and trained unanesthetized
dogs,'27 all undergoing a maximal sustained water
diuresis, and into rats with congenital diabetes
insipidus,128 caused an antidiuresis that was in-
distinguishable from that caused by AVP. How-
ever, a direct renal arterial injection of isopro-
terenol had no antidiuretic effect.'26"129 It is still
unclear whether this beta-adrenergic antidiuresis
was due primarily to the release of AVP, or to the
circulatory effects of the drug, or both. The anti-
diuresis can be completely inhibited by the alpha-
adrenergic agent norepinephrine.127 The latter in-
hibits the action of antidiuretic hormone at the
renal tubule'27"130 and appears to inhibit the elec-
trical activity of the supraoptic neurons123 and
the release of AVP as well. Norepinephrine also
suppresses AVP release via elevation of blood
pressure and stimulation of baroreceptors. These
studies on the interrelationship of catecholamines

!600

1400

1200

1000

uOss/L
600

600

400

200

OG S NORMAL
10.4 KILO 12/4/50

ROoce.a WATER

with AVP and water metabolism make it necessary,
as with the renin-angiotensin system, to consider
still another set of neurohumoral regulators which
may influence the hypothalamic centers control-
ling thirst and the release of AVP.

Osmotic and Nonosmotic Inhibitors of
AVP Secretion

The physiologic inhibitors of the release of AVP
(Table 3) involve a reduction in intracellular
osmolality (cellular dehydration), and an expan-
sion of the plasma or extracellular fluid volume.
Water diuresis with the production of a very
dilute urine reflects the inhibition of the neuro-
hypophyseal system. Cellular overhydration ac-
companies reduction in the osmolality of the body
fluids secondary to water ingestion. When the
effective osmotic pressure is reduced by 1 percent
or 2 percent, expansion of intracellular fluid vol-
ume completely inhibits the release of AVP'31
unless it is maintained by some nonosmotic
stimulus.
When a subject is in a reclining position and

the extracellular or plasma volume is expanded
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IKILO 12/11/50

SERUM
ANTIDIURET IC

ASSAY
{"XC.)

ML.SMIN. o
2
lr~~~4URE FLOW UR,NE

O I 2 5 4 5 0 1

-HOURS

FLOWJX UIEFW

3 4 5 , e 2 3 4 5

7~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 17.-The right- and left-hand portions show the diuretic pattern before and following depletion. These
are entirely normal diuretic patterns. The middle section shows conversion to the abnormal antidiuretic pattern
following removal of 130 mEq sodium by peritoneal dialysis. In this section, one can note a dilute serum but a
hypertonic urine and failure of dilution of the urine or diuresis following water administration. Antidiuretic activity
was observed in the serum during depletion but not in the controls. (Reproduced with permission from Leaf A,
Mamby AR.120)

394 NOVEMBER 1979 * 131 * 5

OOG IDEPLETED OF 1301EQ NA DOC
9.9 KILO 12/S/50 9.8

WATER

SERUM
II ANTIDIURgTIC

ASSAY II

TION /I

URPNE CONCENTRATION

L 4. . - .JL

SERUICNCE0R^TON NTRTI0
SERUM CONCENTRATION SIERUM CONCENTRATION

FLOW

Mczkm=



CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

with such solutions as isotonic saline or iso-oncotic
albumin, a characteristic water diuresis occurs.
These solutions, although expanding the plasma
and extracellular volume, do not alter intra-
cellular volume or the osmolality of the body
fluids. It is, therefore, apparent that volume
expansion as such can influence the baroreceptor
impulses from the carotid sinus and left atrium
(Table 3) and inhibit the renin-angiotensin sys-
tem, thereby inhibiting the release of AVP.
We mentoned earlier the experiments by Moses

and associates'00"10 in humans and Zehr and
co-workers"3 in the unanesthetized sheep, both
clearly showing that the osmotic release of AVP
can be substantially decreased by previous iso-
tonic expansion of plasma or extracellular volume
or both. Further, when 400 to 500 ml of hyper-
tonic saline (5 percent) is administered to a
subject who is under the influence of a sustained
positive water load (1,300 to 1,500 ml), a typical
antidiuresis may not develop in spite of a pro-
nounced hyperosmolality that causes withdrawal
of water from the cells. This is due to the fact
that the further expansion of the extracellular
volume, which occurs in these subjects after the
hypertonic salt administration, is great enough to
blunt the stimulatory effect of the hyperosmolality
and, therefore, decreases the release of AVP; also,
on occasion, the increased excretion of sodium
and osmolar clearance may be so great that de-
spite a substantial decrease in free water clear-
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ance, indicating an approximate inhibition of the
water diuresis, the rate of urine flow may not
decrease.

Nonosmotic stimulation of the baroreceptors,
and their inhibition of AVP release, may be pro-
duced clinically by an episode of paroxysmal
atrial arrhythmia in a person with a basically
normal heart. This will cause a sudden increase
in cardiac output and, possibly, left atrial tension.
The inhibition of AVP secretion causes a water
diuresis."32 The polyuric syndrome that may ac-
company sudden cardiac arrhythmias which do
not significantly impair myocardial function has
been known for years. We have had the oppor-
tunity to study one such polyuric patient who,
despite moderate dehydration and a rise in plasma
osmolality of approximately 20 percent, excreted
a persistently hypotonic urine; no AVP could be
detected in his plasma.

This case is an example of altered osmotic re-
lease of AVP caused by stimulation of the cardiac
baroreceptors which, in turn, led to a nonosmotic
inhibition of AVP secretion and hyperosmolality
(hypernatremia). This is analogous to the effect
of isotonic plasma or extracellular volume expan-
sion on the osmotic threshold.'3"02 From these
clinical and experimental observations it is possi-
ble to explain the mild hyperosmolality and hy-
pernatremia seen in many patients with primary
hyperaldosteronism. The excess mineralocorticoid
secretion causes sodium retention and sustained,

c
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Figure 18.-Changes in blood
levels of arginine vasopressin
during and after a major sur-
gical procedure. (Reproduced
with permission from Zimmer-
mann B: Surg Clin N Am 45:
310, 1965.)
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CLINICAL PHYSIOLOGY OF WATER METABOLISM-PART I

steady-state expansion of the plasma and extra-
cellular volume. The latter elevates the osmotic
threshold, and hypernatremia must be present to
allow the osmotic release of AVP. The hyperna-
tremia may lead to thirst, a fairly common symp-
tom in these patients; but when water is drunk
and the plasma hyperosmolality decreases slightly,
AVP secretion is again inhibited and a water di-
uresis ensues; thus, the hypernatremia is sustained.
Such suppression of plasma AVP has been con-
firmed experimentally in our laboratory.122 The
administration of 9afluohydrocortisone (Florinef)
to normal volunteers produced a significant fall
in plasma AVP.
The converse of the water repletion reaction

which follows the administration of heat, cholin-
ergic and beta-adrenergic agents, is the water
depletion reaction, which accompanies the local
hypothalamic application, or intracarotid or sys-
temic injection of anticholinergic or alpha-adren-
ergic drugs such as norepinephrine. The latter
may inhibit thirst and the release of AVP,'123 stimu-
late food intake and antagonize the action of AVP

INFUSION OF
P44u/UXMIN ARGININE-

S- VASOPRESSIN

on the distal nephron.127"130 As would be expected,
exposure of an animal to cold or cooling of the
blood perfusing the hypothalamus will cause a
decrease in thirst, a water diuresis (the classic
"cold" diuresis) and an increase in food intake.
Segar and Moore'2 found that exposure of normal
subjects to a temperature of 13°C for an hour
caused a definite inhibition of AVP release and a
fall in its concentration in the plasma. They con-
cluded that this was due to a rise in central
blood volume and blood pressure stimulating
the left atrial and carotid baroreceptors.

It has been frequently shown that ethyl alcohol
is a potent chemical inhibitor of the release of
AVP.9 This inhibition occurs during a rising level
of alcohol in the blood after its oral or intrave-
nous administration, although in humans, at least,
the maintenance of a constant blood level does
not assure the continued inhibition of AVP release.
Alcohol appears to block stimuli that would ordi-
narily cause the release of AVP (such as hypertonic
saline, reduction in blood volume or prolonged
venous congestion of the lower extremities).

INFUSION OF
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Figure 19.-A typical experiment with infusions of 144 and 96 ,uU per minute arginine-8-vasopressin. The CH20
is graphed for each period. The change in CH20 (ACH20) is determined by the difference between the interpo-
lated maximum CH2o and the actual CH20 for each period. (Reproduced with permission from Miller L, et al:
Relative potency of arginine-8-vasopressin and lysine-8-vasopressin in humans. J Lab Clin Med 69:270-291, 1967.)
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Therefore, the water diuresis that frequently fol-
lows the administration of ethyl alcohol, or the
ingestion of one or two cocktails, probably repre-
sents the inhibition of certain tonic stimuli con-
tinuously reaching the neurohypophyseal nuclei.
Alcohol has been used in certain clinical states
(such as cirrhosis and congestive heart failure)
to determine whether the observed oliguria and
hypertonic urine are due to continued release of
AVP. Usually, between 1 and 3 ounces of 100
proof whiskey, or its equivalent, is necessary for
maximal temporary inhibition of AVP release.
Unfortunately, alcohol in these amounts has not
proved to be especially useful in investigation of
most states associated with inappropriate or sus-
tained nonosmotic release of AVP. Recently, di-
phenylhydantoin (Dilantin) has also been shown
to inhibit the release of AVP in humans when
administered intravenously.'83 This inhibition, as
with alcohol, is quite transient and nonsustained.
This also limits its usefulness in clinical states
associated with inappropriate release of AVP.

Metabolism of AVP
AVP turnover can also be assessed by determin-

ing the biologic half-life of AVP in vivo. Such
determinations have given a value of 16 to 20
minutes for the half-life of AVP.94'95 AVP is infused
intravenously into subjects undergoing a maxi-
mally sustained water diuresis. This will cause a
reproducible degree of antidiuresis in a given pa-
tient under carefully controlled conditions. When
the infusion is stopped, the rate of return of the
urine flow to its maximal level reflects the rate
of disappearance of the hormone from the circu-
lation. An example of this is shown in Figure 19.
The half-time calculated by this indirect tech-
nique95 correlates quite well with that determined
by direct bioassay of the hormone in the circula-
tion,94'96 but is somewhat slower than those de-
termined by immunoassay in the separate studies
cited above. Once secreted, AVP is rapidly cleared
from the circulation. In humans, the plasma half-
life of AVP, estimated by radioimmunoassay after
pulse injection or after termination of a constant
infusion of hormone, ranges from six to nine min-
utes.'34-'36 Plasma disappearance follows a biex-
ponential pattern with a rapid first phase and
somewhat slower second phase (Figure 20). AVP is
cleared in approximately equal fractions by the
kidneys and liver.96 Renal clearance persists after
ureteral ligation and, thus, appears to take place
largely in the postglomerular circulation.'37 Total

clearance declines as the plasma concentration of
AVP rises above the physiologic range.'38 These
and other data have suggested a role of high-
affinity plasma membrane receptors in mediating
AVP clearance.'39 It is postulated that the recep-
tors bind the biologically active hormone and
facilitate its transfer from the vascular compart-
ment to an extravascular compartment where
enzymatic degradation occurs.'39

AVP can be degraded directly in plasma at a
rate of 11 percent per hour,'40 but this is relatively
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Figure 20.-Plasma arginine vasopressin measured by
radioimmunoassay after pulse injection of unlabeled
hormone. Two exponentials can be identified. The met-
abolic clearance rate (MCR) is calculated as the area
under the curve and the volume of distribution as the
reciprocal of the fractional dose per liter extrapolated
to the time of injection. The MCR for six dogs studied in
this fashion was 35.5 ± (SEM) 0.6 ml per kg of body
weight per minute and the volume of distribution was

12.7 + 0.9 percent of body weight. (From Weitzman R,
Fisher DA: Unpublished data.)
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insignificant compared to total body clearance. It
is sufficiently great to warrant special handling of
plasma samples for AVP assay. During pregnancy
in humans and other primates, the placenta pro-
duces a circulating enzyme, cystine aminopepti-
dase (vasopressinase), which considerably aug-
ments plasma degradation. The impact of this
enzyme on overall hormonal clearance is not
known.

Bioassays for AVP have, for many years, been
of great value in experimental and clinical studies
of normal and abnormal physiology of AVP. How-
ever, they are very time consuming and lack the
sensitivity of the newer and more specific radio-
immunoassays.134-187,141 The latter have permitted
detection of as little as 0.2 to 0.5 units per ml
of plasma. In either radioimmunoassays or bio-
assays, it is necessary to extract AVP from plasma
to separate out substances in plasma that interfere
nonspecifically with the assay. In some bioassays,
it is necessary to use chemical tests such as in-
activation by thioglycolate or pregnancy plasma
to exclude the presence of other substances that
could evoke either a pressor or antidiuretic re-
sponse. In the few studies where both types of
assays have been used, they generally correlate
well; however, a radioimmunoassay may give
higher readings due to the presence of immuno-
logically but not biologically reactive hormone
fragments. Such fragments may lead to an arti-
factual overestimation of AVP concentrations by
immunoassay compared with bioassay.
Some laboratories express their data in micro-

units per ml, using bioassayed usp posterior pitui-

tary extract as a standard. This material is widely
available and quite stable so that results from
different laboratories may easily be compared.
Other laboratories use synthetic AVP as a standard
and express their results in picograms per ml.
Unfortunately, the potency of commercially avail-
able synthetic AVP varies greatly, as determined
by bioassay, so that there may be considerable
variation in the normal range in different labora-
tories. One picogram per ml is roughly equivalent
to 0.4 units per ml.

Blood specimens for AVP measurement must be
quickly chilled after collection and the plasma
rapidly frozen to minimize enzymatic degradation.
Even so, progressive loss of immunoreactive AVP
content of plasma can be observed with pro-
longed freezer storage. Extraction prevents further
degradation.

AVP, like many other hormones, is secreted
episodically (Figure 21).142 Thus, a solitary sam-
ple may not accurately reflect neurohypophyseal
secretion in a given patient. Collection of several
specimens, with pooling of the plasma before
assay, has been suggested to minimize such vari-
ation.
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